The promyelocytic leukemia (PML) tumor suppressor is essential for the formation of PML nuclear bodies (NBs). PML and PMLNBs have been implicated in the regulation of growth inhibition, senescence and apoptosis. PML is activated in response to stress signals and is downregulated in certain human cancers. However, the factors mediating PML stability are incompletely understood. Here we demonstrate that a catalytically active form of the mammalian E3 ligase E6AP (HPV E6-associated protein) acts to reduce the half-life of the PML protein by promoting its degradation in the proteasome. E6AP mediates the ubiquitination of PML in an in vitro ubiquitination assay. E6AP and PML interact at physiological levels and colocalize in PML-NBs. Importantly, PML protein expression is elevated in multiple organs and cell types from E6AP null mice and in lymphoid cells is associated with increased number and intensity of PML-NBs. This PML elevation is enhanced in response to DNA damage. Our results identify E6AP as an important regulator of PML and PML-NBs.
The promyelocytic leukemia (PML) tumor suppressor is implicated in the regulation of cell-cycle progression, premature senescence (triggered by oncogenic Ras) and apoptosis (reviewed by Bernardi and Pandolfi 1 ). Deregulation of PML can be oncogenic. PML-RARa contributes to acute promyelocytic leukemia (APL) 2, 3 and downregulation of PML was observed in multiple human cancers. 4 PML knockout (KO) mice are resistant to lethal doses of ionizing irradiation (IR), and exhibit genomic instability and enhanced susceptibility to tumorigenesis upon exposure to carcinogens 1, 5 or in the context of additional oncogenic events (e.g., a loss of Pten 6 ). The myriad of PML functions have been linked to its function in PML nuclear body (PML-NB) formation. 7 These are dynamic structures whose configuration and composition are modified in response to specific stress signals. 8 However, their mechanisms of action are only partially understood and are believed to be mediated by key proteins that are recruited to these structures, including pRb, SUMO, Daxx and p53. 9 The regulation of certain proteins, such as p53, is associated with the PML-NBs. 9 Stress stimuli that have been identified as activators of PML and PML-NBs include interferon (a and g), DNA damage, oncogenic stress and viral infection (reviewed in references 1, 8, 10 ). In contrast, exposure of cells to arsenic trioxide (As 2 O 3 ) or retinoic acid promotes PML degradation. 11 In contrast, the overexpression of specific cellular ubiquitin ligases, such as the Siah protein, 12 or certain viral ubiquitin ligases, such as the ICP0 regulatory protein of herpesvirus-1, 10 promotes the proteasomal degradation of PML and PML-RARa. However, the nature of the underlying mechanism of this degradation and whether it occurs under physiological conditions is not known. Recently, a function for CK2-mediated phosphorylation of PML (on serine 517) in the control of its protein stability was demonstrated. 13 In addition to phosphorylation, the covalent modification of PML by SUMO has been shown to regulate its function and stability. Three major SUMO attachment sites were identified in PML: K65, K160 and K490.
14 SUMOylation of PML targets it into the nuclear matrix and triggers the recruitment of NB-associated proteins, 15, 16 consistent with the reverse effect being mediated by the SUMO-specific protease SENP-1 (SuPr). 17 The function of SUMOylation and the SUMO binding motif in the formation of the PML-NBs has recently been described. 18 Treatment of cells with As 2 O 3 induces SUMOylation and subsequent proteasomal degradation of PML and PML/ RARa. 19 The degradation of arsenic-induced poly-SUMOylated PML is mediated by the SUMO-specific E3 ligase RNF4 (SNURF). 20 , 21 Here we demonstrate a function for E6AP in the regulation of PML. E6AP is encoded by the UBE3A locus, which is mutated in Angelman syndrome, a human disorder involving motor dysfunction and mental retardation. 22 E6AP was initially identified as the E3 ligase that cooperates with the human papillomavirus (HPV) E6 protein from the high-risk virus types to promote p53 degradation. 23, 24 E3 ligases confer substrate specificity for degradation through the ubiquitinproteasome system. E6AP is the prototype of the subfamily of E3 ligases that covalently bind ubiquitin and are characterized by a C-terminal HECT (homologous to the E6AP C terminus) domain. 23 , 25 Here we demonstrate that E6AP promotes the proteasomal degradation of PML and regulates PML-NB formation.
Results

E6AP decreases PML protein levels.
To evaluate the function of E6AP on PML regulation, we examined the effect of E6AP on the steady-state levels of PML. H1299 cells were transiently transfected with Flag-tagged human PML-IV (hereafter referred to as PML) either alone or with increasing amounts of E6AP expression plasmids. At 48 h after transfection, the amount of PML protein was determined by western blot analysis. Strikingly, PML expression levels were markedly reduced in cells co-transfected with E6AP, in a dose-dependent manner (Figure 1a ). This result suggests that E6AP regulates the expression levels of PML. Further, this effect of E6AP was also observed in human embryonic kidney 293 (HEK293) cells (data not shown). Because E6AP is an E3 ubiquitin ligase, the contribution of its catalytic activity to this effect was questioned. For this purpose, the effect of a catalytically inactive E6AP mutant (E6AP-C833A), which behaves as a dominant-negative mutant, 24 on PML levels was evaluated. By marked contrast to wt E6AP, E6AP-C833A mutant promoted the accumulation of PML in a dosedependent manner (Figure 1b) . Because PML is expressed as multiple isoforms we asked whether other isoforms of PML 26 are also regulated by E6AP. As shown in Figure 1c , isoforms I, II, III, V and VI are also degraded by wt E6AP and are stabilized by E6AP-C833A mutant. These results strongly implicate E6AP in the degradation of PML, an effect that requires a catalytically active E6AP.
Elevated PML expression in multiple E6AP-deficient cell types. To determine whether E6AP also influences PML expression under physiological conditions, we compared the protein levels of PML between wt and E6AP-deficient cells. For this comparison, mice from both groups were killed and cell extracts were prepared from multiple organs. The protein levels of endogenous PML were measured using an antimouse PML antibody (Figure 2a) , which recognized multiple bands in the tissue extracts. These were considered to be PML proteins as they were absent from the PML-deficient mouse embryo fibroblasts (MEFs; Figure 2a lane 1 'C'). This antibody was raised against amino acids 1-581 of mouse PML, which is composed of 808 residues and is approximately 90-106 kDa 27 corresponding to mouse isoform 1 (NM 08884), the ortholog of the human isoform I. 28 In the MEF lysates, this antibody recognized the expected B90-106 kDa band and an additional major PML isoform, at B50 kDa. Unlike the well-studied human PML isoforms, however, the identity of additional mouse isoforms is less clear. 28 Although characterization of the mouse PML genomic structure revealed four transcripts, 27 future experiments will be required to characterize the extra PML bands observed. Strikingly, the expression levels of these multiple PML bands varied between tissues and were markedly higher in E6AP KO cells derived from the kidney, prostate, lung and liver than in their normal counterparts (Figure 2b) . This difference was observed in multiple mice including both males and females of different ages. A similar difference in PML expression levels was observed in the bone marrow (BM) cells derived from E6AP KO mice as compared with the wt mice (Figure 2b ). We then measured PML expression in a more homogenous population of cells. For this purpose we activated T cells from the spleen of wt and E6AP KO mice. Cells were fixed, stained and PML expression was compared by flow cytometry. This analysis revealed a clear increase in the mean fluorescence intensity of PML expression in the T blasts deficient for E6AP as compared with the wt cells (Supplementary Figure 1) . Taken together, these results clearly demonstrate an elevation in PML expression in cells deficient for E6AP and underscore the function of E6AP in the regulation of PML protein levels under physiological conditions, in multiple primary cells.
E6AP regulates PML expression at the protein level. E6AP is most renown as an E3 ubiquitin ligase. However, E6AP has also been implicated in the regulation of gene transcription. 29 We therefore determined at what level(s) E6AP affects PML expression. For this purpose, T blasts from wt or E6AP KO mice were harvested and protein levels were determined by western blot analysis, and mRNA was quantified by quantitative real-time PCR (RT-PCR). By contrast to the elevation in PML protein levels in E6AP-deficient T cells (Figure 3a) , there was no significant difference at the mRNA level as assessed by RT-PCR measurements (Figure 3b ). This result suggests that E6AP regulates PML expression posttranscriptionally.
To determine the effect of E6AP on PML protein stability, we measured the effect of E6AP on the half-life of the PML protein. H1299 cells were transiently transfected with expression plasmids for PML alone or together with E6AP. The amounts and ratio of PML and E6AP expression plasmids were calibrated such that PML was clearly observed even in the presence of E6AP. At this ratio E6AP has only a mild effect on the steady-state levels of PML. 24 h after transfection, de novo protein synthesis was inhibited by treatment with cycloheximide for 15 or 30 min. As shown in Figure 3c , the half-life of the PML protein expressed in the absence of E6AP is longer than 30 min, whereas in its presence, it shortened to be between 15 and 30 min. Furthermore, the effect of E6AP on the half-life of PML was measured by metabolic labeling. HEK293T cells were transiently transfected with expression plasmid for PML alone, or together with wt or mutant E6AP. 48 h after transfection, cells were incubated with [ 35 S] cysteine/methionine for 1 h to label the newly synthesized proteins followed by a chase with normal medium for different times. The PML proteins were immunoprecipitated from the cell extracts and separated on a gel. The half-life of exogenous PML was approximately 1 h in the presence of endogenous or exogenous E6AP. Markedly, however, the half-life of PML was longer than 4 h in the presence of catalytic mutant of E6AP Figure 3d . This result supports the function of E6AP in the regulation of PML stabilization. In HEK293 cells the expression of E6AP is sufficient to control PML level, including exogenous PML.
Treatment of cells with As 2 O 3 has been shown to destabilize PML 11 due to the effect of RNF4 on polySUMOylated PML, 20, 21 we therefore measured the effect of E6AP on the degradation of PML. H1299 cells were transfected with PML together with low amounts of E6AP wt or catalytic mutant (C833A). The amount of E6AP plasmid was calibrated such that at these levels it is unable to promote PML degradation. Under these conditions cells were either left untreated or treated with As 2 O 3 (1 mM for 2 h). As shown in Figure 3e , in the presence of As 2 O 3 E6AP induces the efficient degradation of PML, whereas the catalytic mutant did not. Further, we measured the effect of endogenous E6AP on the degradation of PML by As 2 O 3 . H1299 cells were transfected with PML, and 24 h later cells were treated with As 2 O 3 and cycloheximide for selected durations. The half-life of PML in the presence of As 2 O 3 , but without exogenous E6AP, was between 30 and 60 min (Figure 3f ). The inclusion of exogenous E6AP together with As 2 O 3 markedly reduced the half-life of PML to less than 10 min (Figure 3g ). To verify that the reduced half-life is E6AP-dependent, we carried out this experiment with a catalytic mutant of E6AP, C833A. Unlike the rapid degradation observed with wt E6AP, the halflife of PML in the presence of the E6AP mutant was increased to over 90 min, which suggests that not only E6AP-C833A failed to enhance PML degradation, but in fact protected it from As 2 O 3 -mediated degradation ( Figure 3h ). To measure the effect of E6AP on the ubiquitination of PML, we transfected H1299 cells with His-tagged ubiquitin, Flag-PML in the presence or absence of exogenous E6AP. Following treatment with As 2 O 3 and MG132, PML was immunoprecipitated and the extent of ubiquitination was determined by blotting with anti-His antibody. This analysis revealed a marked elevation in PML ubiquitination following As 2 O 3 treatment (Supplementary Figure 2) . Because SUMOylation was essential for the degradation of PML by RNF4, 20, 21 we asked whether the major SUMOylation site of PML, K160, is essential for the ubiquitination of PML by E6AP. For this purpose the ubiquitination of PML and PML K160R SUMO-deficient mutant was compared. MCF-7 cells were transfected with each PML plasmid together with Histagged ubiquitin. Ubiquitinated PML was detected by a pull down of His-tagged molecules followed by blotting with anti-PML (Supplementary Figure 3A) . Consistent with this result PML K160R was found to be degraded by E6AP (Supplementary Figure 3C ). This analysis revealed that PML K160R mutant is ubiquitinated and degraded like wt PML in an E6AP-dependent manner. Together these results demonstrate that E6AP regulates the half-life of the PML protein and that this effect requires its catalytic activity. Further, the results implicate a function for E6AP in As 2 O 3 -induced degradation of PML.
E6AP promotes the ubiquitination and proteasomal degradation of PML. Because E6AP is an E3 ligase, we asked whether E6AP promotes the degradation of PML through the ubiquitin-proteasome system. For this purpose, H1299 cells were transfected with Flag-PML alone or together with Ha-E6AP and 48 h later cells were treated with the proteasome inhibitor MG132 (20 mM) for 3 h. As shown in Figure 4a , treatment of cells with MG132 protected PML from E6AP-induced degradation. This result supports the notion that E6AP promotes the proteasomal degradation of PML. Next, we investigated whether E6AP is able to promote the ubiquitination of PML. HEK293 cells were transfected with expression plasmids for PML alone or together with increasing amounts of E6AP. To inhibit proteasomal degradation of PML by E6AP, we treated cells with MG132 for 3 h before harvest. The effect of E6AP on the migration of the PML protein was determined by western blot analysis using anti-Flag antibody to restrict the detection to exogenous PML only. A smear of slow migrating PML bands was enhanced in the presence of E6AP (Supplementary Figure 4A) . To obtain a more direct evidence for the effect of E6AP on the ubiquitination of PML, we carried out an in vivo ubiquitination assay in MCF-7 and HEK293 cells expressing inducible shRNA to E6AP (Supplementary Figure 3C) . Both cell types were transfected with PML and ubiquitin Histagged expression plasmids. Cells were treated with MG132 to inhibit the degradation of ubiquitinated PML. Ubiquitin conjugates were isolated by a pull down using nickel beads and the extent of ubiquitination of PML was defined by blotting with anti-PML antibody. As shown in Figure 4b , the extent of PML ubiquitination was reduced by downregulation of E6AP using shRNA. Similar results were obtained in HEK293 cells (Supplementary Figure 4B) . Together these results demonstrate a function for E6AP in the ubiquitination of PML.
These findings raised the major question of whether E6AP acts as a direct E3 ligase of PML. To address this question, we measured the ability of E6AP to ubiquitinate PML in an in vitro ubiquitination assay. For a substrate 35 S-Met-labeled PML was translated in a rabbit reticulocyte lysate. E6AP and UbcH5b E2 were generated in baculovirus or Escherichia coli BL21 expression systems. The extent of PML ubiquitination was determined following 2 h incubation under standard ubiquitination conditions. 30 As shown in Figure 4c , a smear of ubiquitinated forms of PML (shown by an asterisk) and the appearance of high-molecular-weight bands was clearly visible in the combined presence of E6AP, UbcH5b and ubiquitin (lane 4), but not in their absence. The dominating bands within the smear are believed to represent multimonoubiquitinated species of PML. This result, which is reproducible in multiple experiments, strongly implicates E6AP as the direct E3 ligase of PML. 75 mg) . In the indicated samples, cycloheximide (Chx; 10 mg/ml) was added at 15 or 30 min before harvest, respectively. Cell extracts were subjected to western blot analysis using anti-Flag antibody, and the transfection efficiency was monitored with anti-GFP antibody. The ratio of PML/GFP band intensity was measured and presented. (d) HEK293 cells were transfected with the indicated expression plasmids and 48 h later metabolically labeled for 1 h with [ 35 S] cysteine/methionine and chased for the indicated time in normal medium. The PML proteins were immunoprecipitated with anti-Flag conjugated beads (Sigma), separated on SDS-PAGE and subjected to PhosphoImager analysis. The ratio of the PML band intensities relative to no chase was measured and is presented below the panel. (e) H1299 cells were transfected with wt PML expression plasmid (1 mg) and E6AP wt or C833A mutant (1 mg) and where indicated cells were treated with As 2 O 3 (1 mM 2 h). Cells were then harvested and PML levels and transfection efficiencies were monitored with anti-PML (Sigma) and anti-GFP, respectively. (f) H1299 cells were transfected with wt PML expression plasmids and where indicated cells were treated with As 2 O 3 (As; 1 mM) and Chx (10 mg/ml) together for the indicated times. Cells were then harvested and PML levels and transfection efficiencies were monitored as described in panel c. H1299 cells were transfected with expression plasmids for wt E6AP (1 mg; g), or for E6AP catalytic mutant, E6AP-C833A (1 mg; h). 24 h after transfection, cells were either left untreated (lane 1) or treated with As 2 O 3 (As; 1 mM) and Chx (10 mg/ml) for the indicated times. PML levels and transfection efficiencies were monitored as described in panel b and colocalize within cells. To search for this interaction, we transfected HEK293 cells with expression plasmids for Flag-PML alone, or together with wt Ha-E6AP or mutant Ha-E6AP-C833A. Flag-PML was immunoprecipitated from the cell extracts using anti-Flag beads, and the presence of Ha-E6AP protein in the immune complex was determined by western blot analysis using anti-Ha antibody. An interaction between PML and both wt E6AP or E6AP-C833A mutant was clearly observed (Figure 5a ). Next we examined which domain of PML interacts with E6AP. For this purpose deletion mutants of PML were subjected to the same coimmunoprecipitation assay. This analysis revealed that the coiled-coil region of PML interacts with E6AP (Figure 5b) . The PML deletion mutants that interact with E6AP were also degraded by E6AP, whereas the PML RBB mutant that lacks the coiled-coil domain was refractory to E6AP effect (Supplementary Figure 5) . Further, we asked whether the PML-E6AP interaction also occurs between endogenous PML and E6AP at physiological levels. E6AP was immunoprecipitated from 3T3MEFs and the amount of coprecipitated PML protein was determined. As negative controls extracts from E6AP or PML KO 3T3MEFs were used. Importantly, a specific interaction was observed between endogenous PML and E6AP in the wt MEFs (Figure 5c, lane 3) , but not in the absence of PML (lane 2) or E6AP (lane 1). These results clearly demonstrate PML and E6AP interact in vivo at their physiological levels.
Given this interaction it was important to define whether E6AP affects PML-NB formation, and whether E6AP is localized in these structures. To address these questions, we co-transfected H1299 cells with GFP-PML and Ha-E6AP, and 24 h later cells were fixed and subjected to immunofluorescent staining. PML was detected by GFP fluorescence, whereas E6AP was detected with anti-Ha antibody followed by Cy5-conjugated secondary antibody. E6AP was found to localize with PML in the PML-NBs, although staining of E6AP was also found diffused within the nucleus and was clearly identified in the cytoplasm (Figure 5d ). To verify that the colocalization is not due to overexpression of PML, we repeated the experiment with exogenous E6AP only, monitoring its colocalization with endogenous PML. As shown in and His-tagged Ubiquitin (10 mg). 24 h later, cells were treated with MG132 (20 mM, 4 h) and lysed under denaturing conditions. Proteins linked to His-ubiquitin were purified using Ni 2 þ -resin beads, washed and eluted with 200 mM imidazole. His-ubiquitin PML conjugates were detected by western blotting using anti-Flag antibody (Sigma, upper panel). As control total His-ubiquitin conjugates were monitored by anti-His antibody (Sigma, lower panel). Asterisks mark nonspecific bands. (c) 35 S-labeled PML, translated in a rabbit reticulocyte lysate was incubated for 2 h under standard ubiquitination conditions in the absence or presence of ubiquitin, UbcH5b, and E6-AP. The reaction products were analyzed by SDS-PAGE followed by fluorography. Running positions of the nonmodified form (arrow) and the ubiquitinated forms (asterisk) of PML are indicated. Note that the amount of endogenous ubiquitin-activating enzyme E1 present in the rabbit reticulocyte lysate is sufficient to support E6AP-mediated ubiquitination. The results were repeated in at least three independent experiments Regulation of PML by E6AP I Louria-Hayon et al PML-NBs, although to a lesser extent than with exogenous PML (panel d). It should be noted that in the presence of E6AP, the number of the PML-NBs was significantly reduced, however, the size of the NBs appear to be larger and irregular in size. Next we asked whether the formation of the PML-NBs is affected by E6AP expression. BM cells freshly isolated from E6AP KO mice or wt mice were fixed and stained for PML followed by Cy3-conjugated secondary antibody. PML staining within the PML-NBs was strikingly brighter and the number of NBs was greater in the KO cells as compared with their wt counterparts where PML staining was more diffuse (Figure 5f ). These results demonstrate that E6AP colocalizes with PML in the PML-NBs and that in the absence of E6AP larger numbers of PML-NBs are formed.
E6AP-deficient lymphoid cells accumulate more PML and are more susceptible to DNA damage-induced death. DNA damage triggers the accumulation of PML and the formation of the PML-NBs. 5 To examine the possibility that E6AP regulates PML in response to genotoxic stress, we compared the extent and duration of PML accumulation in T blasts derived from wt or E6AP KO mice after exposure to . At 24 h after transfection, cells were harvested and cell extracts were subjected to immunoprecipitation (IP) using anti-Flag antibody followed by western blot analysis (IB) using anti-Ha antibody. The expression levels of the precipitated Flag-PML were determined, and the expression levels of Ha-E6AP after transfection were determined by removing small aliquots from the cell extracts before immunoprecipitation and subjecting these to western analysis using anti-Ha antibody. (b) HEK293 cells were transfected with PML deletion mutants (left top panel). After 24 h, E6AP was immunoprecipitated from the cell extracts using anti-E6AP antibody (Sigma). The coimmunoprecipitated PML deletion mutants (indicated by asterisks) were detected using anti-Flag antibody (Sigma, upper right panel). Schematic representation of the PML mutants is shown in the lower panel. (c) MEFs derived from E6AP KO (lane 1), PML KO (lane 2) or wt (lane 3) mice were subjected to an immunoprecipitation assay (IP) using anti-E6AP antibody followed by western blot using anti-PML antibody. The amount of E6AP in the immune complex was determined by reprobing the same membrane with anti-E6AP. The expression level of PML and E6AP in each type of MEFs before IP was determined with anti-PML or anti-E6AP antibodies, respectively. (d) H1299 cells were plated on coverslips and then transfected with expression plasmids GFP-PML (1 mg) and Ha-E6AP (1 mg). At 24 h after transfection, cells were fixed and subjected to immunofluorescent staining. GFP-PML was detected by the GFP fluorescence (left panel) and the Ha-E6AP protein was detected with anti-Ha antibody, followed by Cy5-conjugated goat anti-mouse antibody (middle panel). Colocalization is shown in yellow in the merge pictures in the right panel. (e) E6AP KO MEFs were plated on coverslips and transfected with 0.5 mg Ha-E6AP. After 24 h, cells were treated with MG132 (20 mM, 4 h), fixed and subjected to immunofluorescent staining using anti-PML polyclonal antibody (H-238; Santa Cruz) followed by Cy5-conjugated secondary antibody (green), and anti-Ha monoclonal antibody (HA.11, Covance) followed by Cy2-conjugated secondary antibody (red). Merged images are shown on the right, where colocalization is indicated in yellow (pointed by white arrows). (f) Freshly isolated bone marrow cells derived from wt or E6AP KO mice were spun onto slides. Cells were fixed and stained for PML as described in panel a with the exception of Cy2 instead of Cy5. Nuclei were detected by DNA staining using DAPI. Slides in panel d were visualized by Nikon fluorescent microscope ( Â 600 magnification) and those in panels e and f by Olympus confocal microscope ( Â 600 magnification). The results were repeated in at least three independent experiments IR (3 Gy). The accumulation of PML in response to IR was higher and sustained for a longer period in the E6AP KO cells (Figure 6a , densitometric analysis in Supplementary  Figure 6 ). Consistent with Figure 2 , the basal levels of PML were also higher (twofold) in the E6AP KO cells (lanes  1 and 6) . No differences were observed at the mRNA levels (data not shown), supporting the findings in Figure 3a . These results suggest that E6AP regulates the extent and duration of PML accumulation in response to DNA damage.
PML has been shown to contribute to the cellular apoptotic response to multiple stimuli. 5 The effect of E6AP on the accumulation of PML and formation of NBs in response to DNA damage encouraged us to compare the function of E6AP in the cellular response to genotoxic stress. Primary T blasts from wt or E6AP KO mice were subjected to IR (2-3 Gy) and 22 h later the extent of apoptosis was determined. As shown in Figure 6b , E6AP KO cells were more susceptible to IR-induced death (21%) relative to the wt cells (10%). Similar 5) or E6AP KO (lanes 6-10) mice were exposed to IR (3 Gy) and were harvested at the indicated times. Cell extracts were subjected to western blot analysis using anti-PML and anti-actin. The dominant PML isoforms are indicated, the lower band is assumed to be a smaller isoform, whereas the higher molecular weight bands above PML are assumed to be SUMOylated PML conjugates. (b) Activated T splenocytes derived from wt or E6AP KO mice were exposed to IR (3 Gy) and 18 h later cells were harvested, fixed and the proportion of cell death was measured by flow cytometry. DNA content was measured by propidium iodide (PI) staining, and the proportion of cells with sub-G 1 DNA content was determined. A summary of the results is shown in panel c. At least three independent experiments were carried out with similar results results were observed with BM-derived B cells (data not shown). These results support a function for E6AP in the apoptotic response of lymphoid cells to genotoxic stress.
Discussion
A function for PML and PML-NBs in the regulation of cellular stress responses has been well established. PML acts upstream of multiple stress signaling pathways, regulating DNA repair, cell-cycle arrest, cell survival and cell death (reviewed in references 1, 8, 9 ). In this study, we explored a new pathway in the regulation of PML and the PML-NBs. Our results show that E6AP dictates PML protein levels. This led us to investigate the nature of the contribution of E6AP to this process and we provide several lines of evidence to support the notion that E6AP is an E3 ligase of PML. First, E6AP promotes the proteasomal degradation of multiple isoforms of PML (Figures 1 and 4) . Second, E6AP shortens the half-life of the PML protein ( Figure 3 ). Third, a catalytic mutant of E6AP, C833A, failed to induce PML degradation (Figure 1) or to shorten the half-life of PML ( Figure 3) . Intriguingly, this mutant actually stabilizes PML, presumably by acting as a dominant negative over endogenous E6AP (Figures 1 and 3) . Fourth, E6AP promotes the ubiquitination of PML in vivo and in vitro ( Figures 3 and 4, Supplementary Figures 2-4) . These data implicate a direct function for E6AP in the regulation of PML proteasomal degradation. This direct link is supported by the physical interaction between endogenous PML and E6AP in vivo at physiological levels, and by colocalization of exogenously expressed proteins in the PML-NBs under stress conditions (Figures 5 and 6 ). The regulation of PML by E6AP is demonstrated by the elevated basal levels of PML proteins in multiple tissues and primary cells derived from E6AP-deficient mice (Figure 2) . E6AP controls the expression of multiple human ( Figure 1 ) and mouse ( Figure 2 ) PML isoforms. Within the human protein, the coiled-coil region of PML is required for its interaction with and degradation by E6AP ( Figure 5, Supplementary Figure 5) .
Consistent with the effect of E6AP on PML protein levels, we observed increased numbers and intensity of PML-NBs in hematopoietic cells lacking E6AP ( Figure 6 ). The PML-NBs in the MEFs from E6AP KO mice are functional, judged by the normal recruitment of PML and Daxx to the PML-NBs following DNA damage (data not shown). In response to stress, PML undergoes posttranslational modifications. As 2 O 3 treatment induces the accumulation of SUMOylated PML and leads to its subsequent proteasomal degradation.
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Recent findings have demonstrated that the degradation of arsenic-induced poly-SUMOylated PML is mediated by the SNURF. 20, 21 Our results suggest that E6AP may also contribute to the degradation of PML in response to As 2 O 3 treatment (Figure 3 ). Future studies would define whether E6AP and RNF4 cooperate in the degradation of PML. Previously, Scaglioni et al. 13 demonstrated a function for CK2-mediated phosphorylation of PML on S517 in the control of PML stability. It will be pertinent to examine a possible link between CK2-and E6AP-mediated degradation.
The association between E6AP and cancer was demonstrated in HPV-infected cells, where it overcomes growth inhibition by targeting p53 for degradation. 23, 24 We and others have shown that PML protects p53 from Mdm2-mediated degradation. [31] [32] [33] Our finding that E6AP promotes PML degradation defines a new molecular link between E6AP and p53 in the absence of HPV infection. Indeed, elevated p53 levels were previously reported in postmitotic neurons of a maternally deficient E6AP mouse, 22 in neuronal cells after partial knockdown of E6AP 34 and in prostate cells from E6AP KO mice. 35 In addition to HPV-dependent cancers, elevation in E6AP expression was found in mouse mammary tumors, 36 whereas downregulation of E6AP was observed in breast and prostate carcinomas. 37 The latter is associated with increased levels of steroid receptors, which are established targets of E6AP.
Deregulation of PML can contribute to malignancies. In addition to the t(15;17) chromosomal translocation in patients with APL, a partial or complete loss of PML has been observed in multiple human cancers, including colon and prostate adenocarcinomas. 4 The implication of PML as a tumor suppressor is strongly supported by mouse models. 1, 6 Importantly, the loss of PML expression is at the protein level rather than at the mRNA level. Further, in solid tumors and invasive epithelial tumors, PML protein levels are decreased in a proteasomal-dependent manner. 4 This loss of PML expression has been associated with tumor progression 4 and has been shown to correlate with elevated CK2 kinase activity. 13 Our results predict a correlation between elevated E6AP expression and a loss of PML expression in the same tumor types. Future experiments will test this hypothesis. Cell culture. HEK293 cells were grown at 371C in Dulbecco's modified Eagle's medium (DMEM), and H1299 lung adenocarcinoma cells were grown in RPMI medium supplemented with 10% fetal calf serum. MEFs were prepared from Ube3A KO embryos or wt embryos at day 13.5 according to standard protocol. MEFs lacking PML were obtained from PP Pandolfi. 38 All MEFs were grown in DMEM with 10% heat-inactivated fetal calf serum and supplements.
Pulse-chase analysis. HEK293T cells were incubated in cysteine/ methionine-free media (Gibco) for 45 min followed by incubation with media containing 150 mCi 35 S-labeled cysteine/methionine (PerkinElmer) for 1 h. Cells were then washed and incubated in complete DMEM for 0, 1, 2 and 4 h. The PML proteins were immunoprecipitated with anti-Flag antibody and then separated on 8% SDS-PAGE and subjected to PhosphoImager analysis. 35 S-signal was quantified using ImageQuant software.
Mice. Ube3A wt and KO mice 39 were maintained on C57BL/6 background under SPF restriction. Mice were genotyped as previously described. 22 Transfection, immunoprecipitation and immunoblotting. Transfections were carried out as previously described. 40 The amounts of expression plasmids used are indicated in the corresponding figure legends. Western blot analysis and immunoprecipitation assays were carried out essentially as previously described. Tissues were homogenized and sonicated on ice in lysis buffer before electrophoresis.
Ubiquitination assay
In vitro assay. E6-AP and UbcH5b were expressed in the baculovirus system or in E. coli BL21 as previously described. 30 For in vitro ubiquitylation 2 ml of 35 S-labeled PML, translated in a rabbit reticulocyte lysate, was incubated with 50 ng of UbcH5b and 20 mg of ubiquitin in the absence or in the presence of 200 ng of E6AP in 40 ml reaction volume. In addition, reactions contained 25 mM Tris-HCl (pH 7.5), 5 mM NaCl, 1 mM dithiothreitol, 2 mM ATP and 4 mM MgCl 2 . After incubation at 301C for 2 h, total reaction mixtures were electrophoresed in a 10% SDS-PAGE, and the Immunofluorescent staining. Activated mouse T splenocytes were fixed in methanol (À201C) and stained for PML and detected with FITC-conjugated goat anti-mouse secondary antibody. The fluorescence intensity of PML stained T cells was monitored and analyzed by a cell sorter (FACSCalibur) using CellQuest software (BD Biosciences). For microscopic examination cells were fixed (either with ice-cold methanol for H1299 or with 4% paraformaldehyde for 15 min, then permeabilized with 0.1% Triton X for 5 min for 3T3MEFs and mouse BM cells) then stained for PML and detected by Cy2-or Cy3-conjugated goat anti-mouse secondary antibodies. DNA was stained with DAPI (4 0 ,6 0 -diamidino-2-phenylindole). Cells were visualized by two fluorescent microscopes as indicated in the figure legend for each image. The first is the Nikon PlanApo, and images were captured with SensiCam CCD camera and processed by Image Proplus version 4.5.1.2. The second is Olympus FV1000 confocal laser microscope, and images were processed with Fluoview1000 V.1.5 software. Images were viewed at Â 600 magnification under oil immersion with objective NA 1.35 at room temperature.
Real-time PCR assay. Cellular RNA was isolated by Tri-Reagent (MRC Inc., Cincinnati, OH, USA) using the manufacturer's instructions. DNA was removed from the samples using DNAse treatment (DNA-free kit; Applied Biosystems, Foster City, CA, USA). cDNA was synthesized from the purified RNA using M-MLV reverse transcription kit (Promega, Madison, WI, USA). Mouse-PML primers used for RT-PCR were designed with ABI PRISM Primer Express software (Applied Biosystems). The sequences of the mouse PML primers are as follows: PML forward primer (5 0 -cctgcgctgactgacatctact-3 0 ) and PML reverse primer (5 0 -tgcaacacagaggcttggc-3 0 ). The sequences of the mTBP primers are as follows: mTBP forward primer (5 0 -ggcctctcagaagcatcacta-3 0 ) and mTBP reverse primer (5 0 -gccaagccctgagcataa-3 0 ). RT-PCR was performed using SYBR-Green PCR Master Mix (Applied Biosystems). Samples were amplified in ABI PRISM 7500 Real-Time detection system (Applied Biosystems) under the following conditions: 501C for 2 min, 951C for 10 min, followed by 40 cycles of 951C for 15 s, 601C for 1 min. Gene expression was quantified using the relative Ct method of the 7500 system SDS software (Applied Biosystems).
For downregulation of E6AP the following shRNA sequences of E6AP were used: forward primer CGCGTCCCCgaagcagttgtatgtggaaTTCAAGAGAttccacata caactgcttcTTTTTGGAAAT and reverse primer CGATTTCCAAAAAgaagcagttg tatgtggaaTCTCTTGAAttccacatacaactgcttcGGGGA. These sequences were introduced into pLVTHM lentiviral vector (kindly provided by D Trono). Infected cells were treated with 0.2 mg/ml doxycycline for 72 h.
